Background: Measurement of serum ionized calcium is not always available in practice.
| INTRODUCTION
There are three fractions of serum total calcium (tCa): ionized, proteinbound, and complexed calcium. Ionized calcium is the free, biologically active form of calcium within the blood that is tightly regulated. 1 Ionized calcium concentration, measured by analyzers with ion-specific electrodes, is considered the gold standard for evaluation of calcium homeostasis in both humans and animals. 2 Although the availability of portable, cost-effective point-of-care analyzers has facilitated measurement of ionized calcium concentration, many veterinary hospitals do not have immediate access to measured ionized calcium (miCa) and rely on tCa concentration. Measurement of tCa might not be a reflection of miCa, especially in cats, and therefore, might not reflect the correct calcium status of the cat. 3 Fluctuations in the fractions of tCa might be responsible for the discordance between tCa and miCa. 1 Correction equations, which adjust the tCa for either albumin or total protein concentration, have attempted to improve the correlation between tCa and miCa. Unfortunately, these corrected tCa formulas are highly unreliable in cats to predict the ionized calcium status. 3 In dogs, a recent study developed a model for predicting miCa based on numerous values available on a biochemical profile. 4 This model was developed using data from 1200 dogs and used nonparametric statistics (ie, a multivariate adaptive regression splines [MARS] model) to determine the relationships between biochemical results and variation of miCa, and to provide a prediction of ionized calcium concentration. Although this model was only evaluated with variables measured from a single laboratory, it showed overall higher performance than tCa and corrected tCa to classify dogs according to their miCa status.
The objectives of this study were (a) to employ the same statistical technique as in dogs to create a multivariate predictive model of ionized calcium concentration in cats, using only readily available data such as signalment, routine biochemistry measurements, and T4 values, and (b) to evaluate the diagnostic performances of predicted ionized calcium (piCa) using data from two laboratories. [GGT], total bilirubin, cholesterol, triglycerides, and bicarbonate), and a T4 level, all performed within 24 hours of each other. Cats were excluded if any laboratory values were missing. Ionized calcium concentration was measured by sampling 0.4 mL of whole blood that was placed directly into a lithium heparin-coated plastic tube containing <15 USP units of heparin/mL of blood. To ensure proper mixing of blood with anticoagulant, the tube was inverted 8-10 times and was analyzed within 15 minutes of collection, according to the manufacturer's recommendations. The blood was withdrawn from the tube using a syringe and analyzed with a stat blood gas analyzer that uses ion-selective electrode technology (NovaStat CCX, Waltham, Massachusetts). The ionized calcium concentration reported was unadjusted. The reference interval (RI) for miCa was determined using 31 healthy cats and was 1. 14 For external validation, a different institution, from a different geographical area, was contacted for eligibility of their cases (Queen Mother Hospital for Animals, Royal Veterinary College, London, UK).
Eligibility criteria were the use of a different biochemistry analyzer than the ones used for model development, and availability of miCa and of the predictors required for piCa calculation. If only one predictor was not available, eligibility would still be considered if the missing predictor had low contribution to the prediction (defined by a generalized crossvalidation statistics [GCV] < 10 in Table 3 and a small range of miCa variation on the corresponding graph on Figure 1 ). As the institution fulfilled eligibility criteria, cats were retrospectively selected from the Royal Veterinary College database from 2008 to 2018. Ionized calcium concentration was measured on nonheparinized whole blood immediately after venipuncture by a point-of-care analyzer (i-STAT 1, Abbott, Princeton, New Jersey). The unadjusted ionized calcium concentration was reported. The RI for miCa was determined using 52 healthy cats >9 years and was 1.19-1.37 mmol/L. 7 4, 8 Briefly, a MARS model is a nonparametric regression technique that approximates complex non-linear relationships by a series of hinge functions of the predictors expressed by the formula:
where a 0 is the intercept of the model, p is the total number of hinge functions, a k is the coefficient of the k th hinge function h k (x), and x is a predictor. The hinge functions are pairs of two-sided truncated functions applied to all the predictors and described by the following equations: Finally, a prediction interval (PI) was defined as follows: piCa ±2x regression SE. 9 
| Description of the relationship between biochemistry predictors and ionized calcium concentration
Importance of the independent variables in miCa prediction was assessed by the GCV criterion, which corresponds to the increase in GCV when a variable is removed from the model. For ease of interpretation, the increases in GCV were scaled so the largest increase was 100. Variables that caused larger increase in GCV were considered more important. The predicted relationship between miCa and the predictors was depicted graphically for each predictor. Samples were classified as hypercalcemic, hypocalcemic, and normocalcemic if miCa was greater than the upper limit of the RI, lower than the lower limit of the RI, or in between the two limits of the RI, respectively. For each set, sensitivity, specificity, and negative (NPV) and positive predictive values (PPV) were calculated for piCa and its PI and tCa by logistic regression and predictive margins using STATA version 14.2 software (StataCorp LLC, College Station, Texas). 10 Specification errors and goodness-of-fit of the logistic regression were assessed by the linktest and lfit functions of the software. Negative (NDLR) and positive diagnostic likelihood ratios (PDLR) were directly calculated from the contingency tables. For all these indices, 95% confidence intervals (CI) were calculated.
| Comparison between total calcium and predicted ionized calcium diagnosic performance
The same logistic regression method was applied to determine the diagnostic performances of tCa, and of piCa PI lower and upper limits. Performances of piCa and tCa were compared by evaluating the 95% CI of Sen, Spe, PPV, NPV, PDLR, and NDLR. Significant differences between piCa and tCa were considered if their 95% CI did not overlap for a same index. Furthermore, diagnostic discordance was evaluated for piCa and tCa. Samples for which the calcium status differed when determined by miCa and piCa (or tCa) were coded with a score of 1 (as opposed to 0 if there was agreement between miCa and piCa [or tCa] 
| Description of the relationship between biochemistry predictors and ionized calcium concentration
As shown in Table 3 , the most important variables for prediction of miCa, in descending order, were tCa, chloride, albumin, cholesterol, creatinine, BUN, BCS, GGT, age, and potassium.
The individual relationships between miCa and the predictor variables are presented in Figure 1 . Finally, the most complex association was found between miCa and creatinine, as miCa increased with increasing creatinine values, up to a certain point (6.8 mg/dL), but then decreased when creatinine concentration increased further.
| Assessment of predictive model performance and comparison with total calcium
The observed-versus-predicted plots, displaying miCa on the y-axis and piCa on the x-axis, are presented in Figure 2A Specificity of piCa and tCa to diagnose ionized hypercalcemia could only be compared in the test set, as a 95% CI could not be calculated for tCa specificity in the external set because of the absence of false positive results. In the test set, piCa was significantly more specific than tCa to diagnose hypercalcemia.
If the lower limit of piCa PI was used to diagnose ionized hypercalcemia (ie, if the lower limit of piCa PI was >1.33 mmol/L, piCa must be >1.33 mmol/L), specificity was 100% in both the test and external sets.
In the test set, the use of piCa and its PI was significantly better than the use of tCa to diagnose ionized hypercalcemia, as Sensitivity of piCa to screen for ionized hypocalcemia could not be compared between the test and external sets because of the lack of true positive results in the external set. However, sensitivity of the lower end of the PI was not significantly different between the two sets. The lower end of piCa PI was significantly more sensitive than tCa to detect ionized hypocalcemia in both sets (test set: lower end of PI: 96.3%, 95% CI: 93.7-99, tCa: 70.2%, 95% CI: 63.7-76.6%; external set: lower end of PI: 83.3%, 95% CI: 66.1-100, tCa: 11.1%, 95% CI: 0-25.6).
Specificity of piCa to diagnose ionized hypocalcemia was significantly lower in the test set compared to the external set. However, it was significantly more specific than tCa in the test set (piCa: 81.6%, 95% CI: 78-85; tCa: 73.7%, 95% CI: 69.7-77.8), and as specific as tCa in the external set (piCa: 99.6%, 95% CI: 99-100; tCa: 100%). Predictive values and diagnostic likelihood ratios of piCa and its PI and tCa were either similar or not comparable owing to the lack of true or false positive results.
Finally, diagnostic discordance for ionized hypocalcemia between piCa and miCa varied between the test and the external sets and was 25.5% (95% CI: 22.3-28.9) and 4.2% (95% CI: 2.7-6.4), respectively. It was not statistically different from the diagnostic discordance between tCa and miCa, which also varied between the test and the external sets (27.3%; 95% CI: 24.0-30.9 and 3.3%; 95% CI: 2.1-5.4, respectively).
| DISCUSSION
In this study, a MARS model was created to predict serum ionized calcium in cats and was tested in two different datasets, from two different countries. The purpose of the study was to calculate piCa by measurements universally available; the variables included in the study were all easily obtained and readily available. Similar to the analogous dog model, the variables that had a major impact on miCa variations in cats included tCa, albumin, and chloride; however, there was also variation associated with age, creatinine, and potassium levels.
Unlike in dogs, cholesterol, BUN, BCS, and GGT were also associated with miCa changes.
For tCa, chloride, and albumin, the relationship with miCa was relatively similar to what was described in dogs. 4 A previous study found a weaker relationship between tCa and albumin in cats compared to dogs, 11 which might explain why miCa was affected only with increased albumin levels. The lack of correlation between hypoalbuminemia and miCa in this study might be a reasonable explanation to the inadequacy of albumin-corrected formulas for calcium in cats. On the other hand, the relationships between miCa and creatinine, age, and potassium measurements were different in dogs and cats. In dogs, miCa decreased as creatinine concentration increased to 5 mg/dL, where it no longer had an effect on miCa. 4 In cats, miCa increased as creatinine concentration increased until 6.8 mg/dL. At higher creatinine concentrations, miCa subsequently decreased. This species difference has been reported in the literature, as cats with chronic kidney disease might have either ionized hypocalcemia or hypercalcemia whereas dogs with chronic kidney disease tend to only demonstrate ionized hypocalcemia. 12, 13 Kidney disease might be a risk factor for the development of ionized hypercalcemia because of decreased glomerular filtration, increased tubular reabsorption, and decreased calcium bone storage. 14 As azotemia progresses in cats, hypocalcemia becomes more prevalent. 12 As creatinine continues to increase, decreased renal calcitriol synthesis and phosphorus retention could cause the observed hypocalcemia. 13, 15 Ionized hypocalcemia becomes especially prevalent in uremic cats, as opposed to cats with compensated kidney disease. 12 This inverse relationship between increasing BUN and decreasing miCa was also reflected by our model. Potassium had no effect on miCa in both cats and dogs until a certain point, where potassium and miCa decreased linearly in dogs but increased in cats. This positive correlation between miCa and potassium at high potassium levels is surprising, as the opposite is typically observed in cats with urethral obstruction. 16 Further investigations on the relationship between miCa and potassium levels in cats are warranted to understand the association found by the MARS model. Age was inversely correlated with miCa in dogs younger than 2.27 years old, likely related to skeletal maturation. 4 Conversely, age was not associated with miCa in cats until >16 years old. The increased calcium in older cats could be the result of systemic illnesses causing hypercalcemia. 17, 18 BCS might decrease as a result of illnesses associated with hypercalcemia, explaining the relationship found by the MARS model. The slight decrease of miCa while GGT increases could be attributed to pancreatitis, as GGT can be increased with pancreatitis, and as such can be associated with fat saponification and calcium sequestration. 19 An increase in calcium might contribute to an increase in cholesterol by decreasing an enzyme, 7α-hydroxylase, involved in cholesterol catabolism. 20 These numerous complex relationships between miCa and biochemical measurements illustrate how a simple equation cannot predict miCa levels adequately.
Although eventually not retained in the predictive model, T4 was considered as a potential predictor in this study. Thyroid disorders affect calcium homeostasis in both humans and cats. In humans with hyperthyroidism there is a shift toward hypercalcemia with many suspected explanations, including increased bone resorption, increased renal reabsorption, and altered fractional excretion of calcium. 21, 22 Conversely, in cats, hyperthyroidism is associated with hypocalcemia. 23, 24 The mechanism for low calcium levels in hyperthyroid cats is unknown but has been postulated to be secondary to hyperphosphatemia or because of renal secondary hyperparathyroidism for those with underlying chronic kidney disease. 23 However, the MARS model did not retain T4 in our study, which might indicate that the relationship between hyperthyroidism in cats and miCa might have actually been confounded by a comorbidity in previous studies (eg, chronic kidney disease, which is common in hyperthyroid cats).
In this study, a MARS model was utilized for better accuracy.
A MARS model is nonparametric and nonlinear, which supports better predictive values than classic parametric linear regression. 25 Both internal and external validations were assessed to evaluate the reproducibility and transportability of the model. Internal validation assesses the validity of the predictive model by the original population, and external validation assesses the validity by a different but related population. In our study, a population of cats from a different institution and a new geographical area was used for external validation. Although there were statistically significant differences in the diagnostic performances of piCa and its PI between the test and the external sets, the results can be considered close enough from a clinical point of view to demonstrate generalizability of the predictive model. The statistical differences were likely because of dissimilarities in prevalence of ionized hypocalcemia, ionized hypercalcemia, and azotemia between the two sets. Overall, piCa and its PI behaved similarly in the two sets. For both ionized hypercalcemia and hypocalcemia, piCa presented high specificity, PPV and PDLR, which made it useful to diagnose calcium disorders but not necessarily to detect them. However, the PI showed high NPV and low NDLR, which indicated good ability to screen for ionized hypercalcemia (for the PI upper limit) and hypocalcemia (for the PI lower limit). Finally, the PI also showed high specificity, PPV and PDLR, which permitted diagnosis of ionized hypercalcemia (for the PI lower limit) and hypocalcemia (for the PI upper limit) with greater confidence. Notably, the diagnosis of ionized hypercalcemia can be considered certain if the lower limit of the PI is above 1.33 mmol/L, without the need for miCa. However, for ionized hypocalcemia, the suspicion can be only reinforced if the upper limit of the PI is below 1.14 mmol/L, as piCa PI does not seem to be good enough to diagnose ionized hypocalcemia with certainty in cats and results should be verified by miCa.
As demonstrated in previous studies, our results confirm that relying on tCa to classify cats as hypercalcemic is problematic mainly because of a lack of sensitivity. 3, 26 In other terms, high tCa values in cats support ionized hypercalcemia, but many cats with ionized hypercalcemia do not have high tCa values. Despite statistically significant differences between piCa and tCa, both showed comparable diagnostic performances regarding ionized hypercalcemia from a clinical point of view. For hypocalcemia, tCa was moderately sensitive and specific in the test set, and highly specific but poorly sensitive in the external set. This difference between the two sets is likely related to the higher prevalence of renal azotemia in the external set. These results are in accordance with a previous study. 3 Again, despite statistically significant differences between piCa and tCa, both showed similar diagnostic performances regarding ionized hypocalcemia from a clinical point of view, as reflected by similar diagnostic discordance between piCa and miCa and tCa and miCa. Hence, the main advantage of piCa over tCa resides in its PI, which allowed high sensitivity, high NPV and low NDLR for both ionized hypercalcemia (for the PI upper end) and hypocalcemia (for the PI lower end) and, therefore, represents a much better screening tool than tCa.
There were several limitations to this study, mainly because of its retrospective nature. Records with absent or missing data were not included in the analysis, reducing the number of cats available for model development and testing. Cats' prior conditions or medications might have been overlooked while obtaining a history and thus not recorded, which could have affected their calcium homeostasis or other biochemical variables. Although clinician motives for measuring ionized calcium cannot be determined for absolutely all cats, miCa was part of the routine bloodwork requested on most cats at both the University of Illinois Veterinary Teaching Hospital (where most of the included cats were cats that entered through the Emergency Room) and the Royal Veterinary College Queen Mother Hospital for Animals (where most of the cats were azotemic cats), and was not motivated by a disturbance of tCa or a suspicion of calcium disorders. Another limitation is that two different biochemical analyzers were utilized during the study time frame. However, it is unlikely that these had a substantial impact on the predictive ability of the model, as predictive performance was relatively stable over the three sets of cats. An additional limitation, because of the retrospective nature of the study, was that proper handling technique of the blood samples cannot be ensured. However, the standard of care at both hospitals strictly enforces proper handling of blood samples. If proper handling was not performed, then air exposure might result in a decrease in miCa for example. 27 The blood collection methodology was different between the test set, in which miCa was measured on heparinized blood, and the external set, in which miCa was measured on non-heparinized blood. Ionized calcium values would be different in a same cat if measured from heparinized whole blood and from non-heparinized whole blood. 28 However, both values would hopefully classify the cat similarly regarding its calcium status respectively to the RIs, which would also be different for miCa measured from heparinized blood and for miCa measured from whole blood. This was the case in our study, as the RIs of miCa when measured from heparinized blood was 1.14-1.33 mmol/L, whereas it was 1.19-1.37 mmol/L when measured from whole blood. Hence, although the methodology was different between the external set and the test set, it should not impact the calcium status determination in both sets. Furthermore, prevalence of ionized hypocalcemia was different between the test and the external sets: only 18 cats had ionized hypocalcemia in the external set (prevalence: 3.7%) versus 191 cats in the test set (prevalence:
29.3%). The small number of hypocalcemic cats in the external set likely impacted the diagnostic performance assessment, as reflected by the large difference in terms of diagnostic discordance between the test set (diagnostic discordance between piCa or tCa and miCa around 25-27%) and the external set (diagnostic discordance around 3-4%).
In our study, the training set and the test set were not randomly extracted from the same population of cats. The cats of both sets are different in several ways, as those included in the training set all had T4 measurement performed and were therefore older than the cats of the test set. Testing a predictive model from a dataset that comes from a population that is different from the data used to build the model is called extrapolation, as opposed to interpolation. However, the cats of the test set should reflect the data to which the model will be applied in practice. As the cats of the test set corresponded to a broad and general population of cats, they likely represent an appropriate sample for model testing.
The MARS model identified the BCS as a predictor of ionized calcium. As BCS is a subjective measurement, it may add variability to the prediction. However, BCS has previously been showed to be repeatable both within scorers and between scorers in cats. 5 Hence, if the BCS is different between two clinicians for the same cat, the difference should be limited. A one-point difference in BCS would produce either no change (if both BCS are >4.5) or a minimal change (±0.01 mmol/L) in piCa value. It would be unlikely for this 0.01 mmol/L difference to be clinically relevant in practice. Similarly, the lack of GGT data available for the cats of the external set likely had a limited impact on piCa calculation, owing to the low contribution of GGT to the prediction. Indeed, GGT can only produce a maximal change of ±0.03 mmol/L in piCa value. It would be unlikely that this change in piCa value resulted in relevant inaccuracies in the calcium status classification of the cats of the external set. However, in order to get a prediction as accurate as possible in practice, clinicians are strongly encouraged to include all the predictors, including GGT value, in the model.
Lastly, other variables such as ionized magnesium could have influenced calcium homeostasis. [29] [30] [31] [32] Magnesium was not included in the study, as it is not readily available to many veterinary practitioners. Inclusion of this variable may have improved the model performance.
In conclusion, a novel equation was developed that calculates piCa from readily available signalment and biochemical data points. This formula may be useful to those who do not have rapid access to miCa concentration. This piCa may help confirm suspected hypercalcemia in cats, owing to its high specificity. Its PI may be used to screen hypercalcemia and hypocalcemia, owing to its high sensitivity, which represents a compelling advantage over tCa. 
